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In this contribution, we extend the discussion about the calculation of the bulk viscosity of quark
matter in the normal phase due to electroweak processes and its effect on the damping of baryon
density oscillations that might occur in the coalescence of two compact stars. Employing the EoSs
from the MIT bag model and perturbative quantum chromodynamics (pQCD) up to O(𝛼𝑠), we
analyze our results varying densities in the range of temperatures from 0 to 10 MeV for frequencies
around 1 kHz. Our estimates show that bulk viscous effects might play a relevant role during the
postmerger stage if the system reaches a deconfined quark matter phase.
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Introduction

From the theoretical point of view, a lot of effort has been invested in elucidating the composition
of compact stars. Conventional approaches involve the study of different microscopic models and
their associated equations of state (EoSs), the dynamical processes that occur in their interior, and
their response to external perturbations. In the latter case, one resorts to transport theory to obtain
the rate at which conserved quantities such as energy, momentum, mass, charge and others are
transferred from one region to another within the medium by computing the transport coefficients
(viscosities, relaxation times, conductivities and others) [1].

The value of the transport coefficients is determined by the microscopic composition and the
dominant interactions of the constituents. Concerning the bulk viscosity, there are indications that
bulk viscous dissipation may be physically important in the survival time of the post-merger object a
few milliseconds after the coalescence of two neutron stars [2]. Thus, the inclusion of bulk viscosity
on numerical simulations of mergers might be important in its postmerger dynamics.

Damping of density oscillations in three-flavour quark matter

In this section, we revisit the calculation of the bulk viscosity generated in unpaired three-flavour
quark matter (in the neutrino-transparent regime) based on Ref. [3]. We study its implications on
the damping of baryonic density oscillations and analyze our results using two EoSs.

Due to the expansion or compression of the medium, the system is subject to instantaneous
departures from chemical equilibrium, which can be studied in terms of chemical imbalances:
𝜇1 = 𝜇𝑠 − 𝜇𝑑 , 𝜇2 = 𝜇𝑠 − 𝜇𝑒 − 𝜇𝑢, and 𝜇3 = 𝜇𝑑 − 𝜇𝑒 − 𝜇𝑢, where 𝜇1 = 𝜇2 = 𝜇3 = 0 in beta
equilibrium at low temperatures.

For unpaired three-flavour quark matter at low temperatures where the medium is transparent
to neutrinos, the nonleptonic electroweak processes (𝑢+ 𝑑 ↔ 𝑢+ 𝑠) and the semileptonic processes
(𝑢 + 𝑒− → 𝑑 + 𝜈𝑒, 𝑑 → 𝑢 + 𝑒− + �̄�𝑒, 𝑢 + 𝑒− → 𝑠 + 𝜈𝑒, 𝑠 → 𝑢 + 𝑒− + �̄�𝑒) might re-establish the
chemical equilibrium during the timescale of density oscillations in the postmerger stage.

When the system is out of chemical equilibrium these processes generate source and sink terms,
which break the conservation laws of the individual particle currents. Imposing the local charge
neutrality and using the baryon number density 𝑛𝐵, the evolution of the particle number densities
can be studied using a set of equations for the divergence of the particle density current of strange
quarks (𝑛𝑠𝑢𝜇) and electrons (𝑛𝑒𝑢𝜇) at linear order in the chemical imbalances

𝜕𝜇 (𝑢𝜇𝑛𝑠) = −𝜆1𝜇1 − 𝜆2𝜇2, 𝜕𝜇 (𝑢𝜇𝑛𝑒) = 𝜆2𝜇2 + 𝜆3𝜇3, (1)

where 𝜆1, 𝜆2, and𝜆3 are the coefficients of the following combinations of rates expanded at linear
order in the chemical imbalances:

Γ𝑠+𝑢→𝑑+𝑢 − Γ𝑑+𝑢→𝑠+𝑢 = 𝜇1𝜆1, (2)
Γ𝑠→𝑢+𝑒+�̄�𝑒 − Γ𝑢+𝑒→𝑠+𝜈𝑒 = 𝜇2𝜆2, (3)
Γ𝑑→𝑢+𝑒+�̄�𝑒 − Γ𝑢+𝑒→𝑑+𝜈𝑒 = 𝜇3𝜆3. (4)

These rates are relevant in the estimation of the bulk viscosity and have been calculated at
tree level in different limits for the chemical potentials and masses of the involved particles (see
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references in Ref [3]). In this work, for the nonleptonic channel, we use the low temperature limit
assuming massless quarks, 𝜇𝑢 = 𝜇𝑑 and we assume that the mismatch between the strange and
down quark chemical potentials is not too large. For the semileptonic channels we consider that the
temperature, the quark chemical imbalances and the strange quark mass are small compared with
the quark chemical potentials.

Deviations of the particle number density of their equilibrium values can be computed from
Eq.(1) assuming that the oscillating parts of the particle density are proportional to 𝑒𝑖𝜔𝑡 , being 𝜔

the angular frequency of the oscillation.
At first-order hydrodynamics, the bulk viscosity is given by

𝜁 ≡ −Re[Π]
𝜃

, (5)

where Π is the bulk scalar, which quantifies the modification of the pressure from its value in
chemical equilibrium induced by the deviations of the particle number densities and chemical
potentials out of equilibrium

Π = (𝐶1 − 𝐶2)𝛿𝑛′𝑒 + 𝐶1𝛿𝑛
′
𝑠 . (6)

Here we define
𝐶1 ≡ 𝑛𝑠,0𝐴𝑠 − 𝑛𝑑,0𝐴𝑑 , 𝐶2 ≡ 𝑛𝑠,0𝐴𝑠 − 𝑛𝑢,0𝐴𝑢 − 𝑛𝑒,0𝐴𝑒, (7)

where 𝑛 𝑗 ,0 are the instantaneous values of the particle number densities in chemical equilibrium and
𝐴 𝑗 are the susceptibilities of the constituent particles written in terms of the partial derivatives of
the particle’s chemical potentials with respect to the particle number density 𝐴𝑖 𝑗 =

(
𝜕𝜇𝑖/𝜕𝑛 𝑗

)
𝑛𝑘≠ 𝑗 ,𝑠

.
As a result, the bulk viscosity due to electroweak processes in the neutrino-transparent regime

for three-flavour quark matter in the normal phase is given by

𝜁 =
𝜅1 + 𝜅2𝜔

2

𝜅3 + 𝜅4𝜔2 + 𝜔4 , (8)

with the following definitions: 𝐴 ≡ 𝐴𝑒 + 𝐴𝑢, 𝜆𝑄 ≡ 𝜆1𝜆2 + 𝜆1𝜆3 + 𝜆2𝜆3,

𝜅1 ≡ 𝜆𝑄{𝐶2
1 [(𝐴 + 𝐴𝑑) [𝐴(𝜆2 + 𝜆3) + 𝐴𝑑𝜆3] − 𝐴𝑑 (𝐴𝜆2 − 𝐴𝑑𝜆1)]

− 2𝐶1(𝐶1 − 𝐶2) [𝐴𝑑 [(𝐴𝑑 + 𝐴𝑠)𝜆1 + (𝐴 + 𝐴𝑑)𝜆3] − 𝐴𝐴𝑠𝜆2]
+ (𝐶1 − 𝐶2)2 [𝜆1(𝐴𝑑 + 𝐴𝑠)2 + 𝜆2𝐴

2
𝑠 + 𝜆3𝐴

2
𝑑]}, (9)

𝜅2 ≡ 𝜆1𝐶
2
1 + 𝜆2𝐶

2
2 + 𝜆3(𝐶1 − 𝐶2)2, (10)

𝜅3 ≡ 𝜆2
𝑄 [𝐴(𝐴𝑠 + 𝐴𝑑) + 𝐴𝑑𝐴𝑠]2, (11)

𝜅4 ≡ [(𝐴𝑑 + 𝐴𝑠)𝜆1 + 𝐴𝑠𝜆2]2 + 2(𝐴𝜆2 − 𝐴𝑑𝜆1) [𝐴𝑠 (𝜆2 + 𝜆3) − (𝐴𝑑 + 𝐴𝑠)𝜆3]
+ [𝐴𝑑𝜆3 + 𝐴(𝜆2 + 𝜆3)]2. (12)

The damping time of baryon number density oscillations in a bulk viscous medium can
be estimated assuming small density oscillations described by 𝛿𝑛𝐵 = Δ𝑛𝐵𝑒

𝑖𝜔𝑡 , being Δ𝑛𝐵 the
amplitude of the oscillation. The damping time is defined by 𝜏𝜁 ≡ 𝜖/(𝑑𝜖/𝑑𝑡), where 𝜖 is the energy
density stored in a baryonic density oscillation and 𝑑𝜖/𝑑𝑡 is the energy dissipation time. It can be
computed in terms of the energy density of the system 𝜀 as follows [2, 4]

𝜏𝜁 =
𝑛2
𝐵,0

𝜔2𝜁

(
𝜕2𝜀

𝜕𝑛2
𝐵

)
𝑛𝑠 ,𝑛𝑒 ,𝑠

. (13)
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Figure 1: Bulk viscosity of three-flavour quark matter in the neutrino-free regime for different normalized
baryon number densities at 𝜔/2𝜋 = 1 kHz using the MIT bag model (dashed lines) at 𝑚𝑠 = 150 MeV and
pQCD up to O(𝛼𝑠) with running 𝑚𝑠 and 𝛼𝑠 (continuous lines).
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Figure 2: Damping times of baryon density oscillations in unpaired quark matter with similar input param-
eters as for the bulk viscosity in Fig. 1.

In Figs. 1 and 2 we show some numerical results using the EoSs of the MIT bag model and
pQCD in the zero temperature limit varying the density as multiples of the nuclear saturation density
𝑛0 = 0.15 fm−3. For both models we assume that the light quarks are massless and consider only the
contribution of the strange quark mass. It is worth to note that the bulk viscosity and the damping
time depend strongly on the value of the strange quark mass, more details about this can be found
in Ref. [3]. In Fig. 1 we find that the maximum of the bulk viscosity is in the range of temperature
from 0.01 to 0.1 MeV at 𝜔/2𝜋 = 1 kHz, while the associated minimal damping times of the density
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oscillations at those temperatures lie in the range of few to hundreds milliseconds, as can be seen
in Fig. 2. This timescale is similar to the baryonic density oscillations’ timescale determined by
numerical simulations of neutron star mergers (analogous conclusions have been obtained for dense
nuclear matter at higher temperatures, see [5] and its list of references), thereby opening up the
possibility of bulk viscosity being important during the postmerger if the medium is composed of
normal quark matter.

Conclusions

We adressed the bulk viscosity and the damping time of density oscillations in normal quark
matter using the EoSs of the MIT bag model and pQCD up to O(𝛼𝑠), and explored their dependence
on the baryon number density, temperature and strange quark mass, being the latter the most
important input parameter of these quantities.

We find that the maximum value of the bulk viscosity, which produce the shortest damping
times of the density oscillations (in the order of the few to several hundreds of milliseconds,
depending on values of the density and the strange quark mass), occurs at temperatures in the range
from 0.01 to 0.1 MeV. The precise value depends on the EoS describing quark matter and the rates
of the electroweak processes involved. Our results suggest that baryonic density oscillations might
be damped if the medium contains deconfined quark matter, making bulk viscosity relevant in the
postmerger phase after the collision of two neutron stars.
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